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Preface 


The  United  States  and  Frances'  Cooperative  Program  on  Building 
Technology  involves  an  exchange  of  personnel  and  information 
between  the  Center  for  Building  Technology  of  the  National 
Bureau  of  Standards  and  the  Centre  Scientifique  et  Technique 
du  Batiment  (CSTB) .   Information  contained  in  this  report 
was  selected  for  translation  and  reproduction  for  sale  to 
the  building  community  by  the  Covernment  Printing  Office. 
The  CSTB  papers  made  public  through  this  Technical  Note  do 
not  necessarily  represent  the  views  of  the  National  Bureau 
of  Standards  on  either  policy  or  technical  levels.   Building 
researchers  at  the  National  Bureau  of  Standards  consider  it 
a  public  service  to  share  with  the  U.  S.  building  community 
these  insights  into  some  of  the  research  activities  of  CSTB. 
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Wakes  Made  Visible  by  a  Coating  Method 


DISCOMFORT  DUE  TO  WIND  NEAR  BUILDINGS: 
AERODYNAMIC  CONCEPTS 
J .  Gandemer 

1.   Introduction 

Flow  patterns  at  ground  level  in  groups  of  buildings  result  from  the 
complex  interaction  between  the  wind  (impact,  average  speed  distribution 
with  height,  and  turbulence)  and  the  buildings  themselves  (shapes,  sizes, 
arrangement,  etc.) 

The  increase  in  the  number  of  very  tall  structures  and  the  more  or  less 
arbitrary,  with  respect  to  wind,  installation  of  large  structures  have 
frequently  demonstrated  the  lack  of  adaptation  of  the  structural  environment 
to  wind  phenomena.   Manifestations  at  ground  level,  such  as  zones  of  high 
speeds  or  eddies,  make  the  approach  to  buildings  uncomfortable  (sometimes 
even  dangerous)  for  the  pedestrian. 

Elimination  of  these  problems  requires  better  knowledge  of  air  flows 
around  structures  and  formulation  of  practical  plans  that  the  architect  or 
city  planner  can  use  in  designing  larger  structural  units. 


■k 
References  are  on  page  37.   Appendix  I  on  page  38.   Appendix  II  on  pp  39-41. 


This  article  summarizes  work  carried  out  at  the  CSTB  institute  in  Nantes 
in  1973  and  1974  and  gives  the  main  results  of  our  study  [1,  2]. 

Also,  a  guide  was  drawn  up  [3]  which  gives  simple  rules  or  practical  advice 
that  can  be  used  by  architects  and  city  planners. 

2 .   General  Behavior  of  Wind  around  Structures 

Flows  that  occur  at  ground  level  result  from  the  complex  reaction  between 
the  wind  and  structural  masses.   The  effect  of  structures  on  the  flows  depends 
on  their  shape,  size   ,  and  juxtaposition  by  establishing  the  distribution  of 
different  pressure  zones  around  the  obstacles  (Figs.  1-3). 


Fig.  1.   Geometry  of  "wind"  flow  in  passing  a  parallelpiped  obstacle. 
(1)  Flow  line;  (2)  wake  and  vortical  circulation;  (3)  separation  point; 
(4)  recombining  point;  (5)  thickening  of  separation  limits  between  wake 
and  flow. 


Fig.  2.   Fluid  circulation  around  structures  of  different  geometries. 

Generally  speaking,  the  larger  the  dimensions  of  the  structural 
masses  (particularly  height)  relative  to  the  scale  of  the  wind  (dimensions 
of  the  gusts) ,  the  greater  their  role  in  the  shaping  of  the  flow. 


Fig.  3.   Flow  patterns  around  a  building  or  a  vertical  average-rate  gradient. 
(1)  Separation  point;  (2)  vortical  roll;  (3)  lateral  vortical  zone; 
(4)  vertical  average-speed  gradient. 


As  a  result,  every  mutual  positioning  of  these  zones  leads  to  the  appearance 
of  flows  (high  pressure  to  low  pressure) . 

On  the  windward  face  of  a  large  obstacle  the  wind  causes  overpressure 
distribution  as  an  increasing  function  of  height  depending  on  the  vertical 
gradient  of  average  speed.   Further,  a  flow  descends  along  the  forward  face 
and  upon  meeting  the  ground  forms  a  vortical  roll  (Fig.  3) ;  strips  of  air  are 
forced  to  pass  around  the  obstacle,  and  in  the  wake  starting  at  the  separation 
lines  along  sharp  edges,  low-pressure  zones  appear  which  are  relatively  con- 
stant with  height  and  essentially  related  to  the  speed  at  the  top  of  the 
building.   The  juxtaposition  of  air  volumes  at  different  pressures  due  to 
arcades,  under  buildings  or  around  corners  induces  very  rapid  local  flows 
more  or  less  associated  with  violent  eddies. 

Finally,  structural  elements,  by  their  juxtaposition,  can  form  wind 
deflectors  that  channel  the  air  in  narrow  passages  where  flow  is  locally 
accelerated. 


In  overall  plan  the  shapes  do  not  act  individually,  and  the  different 
types  of  flow  mentioned  above  combine  in  a  way  that  depends  on  the  properties 
of  the  incident  wind  and  the  topography  of  the  site.   The  result  is  therefore 
particularly  complex. 

3.   Review  of  Wind  Properties  [4-6] 

Wind  is  a  flow  of  air  which  tends  to  equalize  different  pressure  zones 
in  the  atmosphere.   At  low  heights,  it  has  a  significant  "agitation"  or 
turbulence.   Thus,  at  a  given  point  the  speed  of  the  wind  will  fluctuate  in 
magnitude  and  direction. 

The  instantaneous  speed  of  the  wind  at  a  point  can  be  expressed  by  two 
terms : 

u,  (?)  =  u,  +  u;  (o 


(for  example,  during  a  period  T  =  10  minutes)  at  a 


where  U  is  the  average  speed 
z 

height  z  above  the  ground  and  U' (t)  (a  function  of  time)  is  the  corresponding 
fluctuation  (Fig.  4). 

U|t)i 


to  t  to+T 

Fig.  4.   Instantaneous  recording  of  wind. 


Turbulence,  i.e.,  fluctuation  of  the  speed  around  its  average  value  (for 
the  period  T) ,  can  be  characterized  statistically  by  its  standard  deviation, 
a  =    l/jfe 

The  average  speed  at  ground  level  (in  the  case  of  non-mountainous 
terrain),  because  of  friction  with  the  ground,  increases  with  height  to  a 


1/ 


The  values  with  a  bar  above  are  average  values  during  a  period  T. 


height  of  z   (thickness  of  the  atmospheric  boundary  layer) ,  where  it  becomes 

constant  and  equal  to  U   ("gradient  speed"). 

G 

When  winds  blow,  the  stability  conditions  of  the  atmosphere  are  generally 
neutral.  Thermal  phenomena  can  be  neglected,  and  the  increase  in  the  average 
speed  with  height  z  ("vertical  gradient  of  average  speed")  can  be  represented 
by 

u  Fa    =   (z/zr)a 

Z     Cr  G 

The  parameters  z   and  a  depend  essentially  on  the  type  of  roughness  encountered 
G 

by  the  wind. 


Fig.  5 


The  standard  deviation,  a,  in  the  lower  layers  depends  essentially  on, 
and  increases  with,  roughness.  It  decreases  slowly  with  height, 

To  be  able  to  characterize  the  wind  completely,  we  have  to  introduce  the 
concept  of  spatial  scale  of  turbulence  (dimensions  of  gusts  in  space) . 

The  dimensions  of  puffs  or  gusts  of  wind  define  the  "dynamic"  scale  of 
the  latter  (longitudinal  and  transverse  scale) .   This  is  a  function  of  height 
and  roughness.   The  scale  is  generally  determined  from  correlated  measurements 
between  different  points  in  space. 


4.   Criteria  of  Comfort 

4. 1  Concept  of  Comfort 

The  speed  and  changing  behavior  of  the  wind  affect: 

— The  "physical"  comfort  of  man:   The  forces  induced  by  the  wind  vary 
in  time  and  space  and  act  mechanically  on  the  "human  body  obstacle," 
hinder  his  movements,  disarray  his  clothing,  etc. 

— "Thermal"  comfort  of  man:   Physiological  heat  exchange  between  the 
human  body  and  the  ambient  medium  are  disturbed. 

These  two  concepts  will  always  be  subjective,  because,  in  general,  comfort 
or  discomfort  due  to  the  wind  depends  on: 

— The  activity  of  the  individual  (comfort  desired  on  a  restaurant 
terrace  is  different  from  that  wanted  on  a  pedestrian  walk) ; 

— The  climate  (in  some  latitudes  we  may  even  want  an  increase  in  some 
of  the  wind  effects  such  as  natural  ventilation)  and  the  season, 
depending  partly  on  the  garments  worn; 

— Meteorological  conditions  (temperature,  precipitation,  sunlight, 
humidity,  etc. ) ; 

— Physical  (e.g.  age)  and  psychological  state  of  the  individual. 

The  Beaufort  scale  (Table  1)  gives  some  information  on  the  manifestations 
of  wind  as  a  function  of  speed  and  the  sensations  felt. 


Table  1.   Beaufort  Scale 

Wind  speed,  m/sec 

Force z  =  2  m Wind  characteristics  

2  1.5-3     The  face  feels  the  sensation  of  the  wind 

Leaves  rustle 

3  3-4.5     Leaves  and  small  twigs  in  continual  movement 

Wind  unfurls  flags  constantly 

Hair  is  disarranged  and  loose  clothes  blow  in  the  wind 

Dust  and  papers  are  lifted 

Branches  are  shaken  and  hair  is  very  much  blown  about 

Small  trees  and  their  leaves  are  blown  about  and  walk 
is  affected  slightly 

Large  branches  are  put  in  motion  and  the  wind  makes 
telephone  wires  sing;  umbrellas  are  used  with  diffi- 
culty and  walking  becomes  very  much  affected 

11-14     Trees  are  in  constant  movement  and  there  is  great 
difficulty  in  walking  against  the  wind 


4 

4.5-7 

5 

7-9 

6 

9-11 

Table  1  continued 


Wind  speed,  m/sec 

Force z  =  2  m Wind  characteristics __ 

8      14-17     Tree  branches  break 

In  general,  pedestrian  movement  is  very  difficult  and 
dangerous 

9*     17-20     Risk  of  violent  throwing  to  the  ground  as  a  result  of 
squalls 

* 
The  concept  of  comfort  is  not  the  same  as  that  of  safety.   The  danger 

threshold  which  corresponds  to  the  force  which  tends  to  throw  one  to  the 

ground  is  based  entirely  on  mechanical  and  aerodynamic  considerations 

(balance,  weight,  position,  etc.)  and  in  general  corresponds  to  speeds  of 

some  15  m/sec. 


The  definition  of  a  criterion  of  comfort  is  thus  a  difficult  problem 
and  it  seems  improbable  if  not  impossible  that  a  single  criterion  can  be 
introduced  that  can  be  universally  used  for  all  effects  cited  above. 

At  the  present  state  of  our  knowledge,  observations  and  experiments 

made  on  site  and  in  the  laboratory  indicate  the  basic  role  played  by 

speed  and  turbulence  in  human  comfort. 

—  —  When  the  wind  blows  it  creates  a  force  (proportional  to  the  square 
of  the  speed)  which  affects  the  pedestrian  and  he  overcomes  it  or 
compensates  by  his  bearing.   The  higher  the  wind  speed,  the  more  he 
will  have  to  fight  the  wind  and  the  greater  will  be  the  discomfort. 
The  discomfort  is  directly  related  then  to  the  level  of  the  force 
due  to  the  wind  and  will  be  characterized  by  the  modulus  of  the 
average  speed,  If, 

The  wind  (or  flows  induced  between  structures)  is  a  variable 

magnitude: 

—  The  wind  varies  from  one  point  to  another.   It  is  sufficient  to 
move  around  within  a  tall  group  to  see  the  coexistence  of  very 
calm  zones  with  zones  of  rapid  flow  or  even  of  strong 
turbulence;  hence  strong  horizontal  gradients  exist. 

Strong  horizontal  speed  gradients  [characterized  by  the  ratio 

(U-  -  !L)Ay]  are  reflected  in  a  large  change  in  speed  moduli  in  very 

little  space  (example:  at  the  corners  of  tall  buildings). 


The  higher  the  ratio,  the  more  rapidly  the  pedestrian  must  adapt  himself 
and  the  more  the  discomfort  increases  (Fig.  6). 


Fig.  6 


The  wind  varies  in  time;   Thus,  even  when  standing  still,  the  pedestrian, 

considering  the  phenomenon  of  wind  gusts,  will  be  subjected  to  a  flow 
(and  thus  a  force)  which  varies  in  intensity  and  direction  with  time. 

This  property  of  variability  or  instantaneousness  makes  it  necessary 
for  the  pedestrian  to  constantly  adapt  himself,  to  a  new  situation  and 
causes  the  main  discomfort  in  walking  and  maintaining  equilibrium,  the  dis- 
arrangement of  clothing  and  hair,  the  use  of  an  umbrella,  etc.   The 
turbulence  level  of  a  flow,  a,  characterizes  the  concept  of  wind 
variability. 

As  a  result,  for  our  criterion  of  comfort  as  well  as  the  adjustments 
required  or  even  for  practical  advice,  we  take  into  account  only  the 
discomfort  due  directly  to  the  "wind  phenomenon."  This  is  characterized 
locally  by  the  average  speed  and  turbulence.   Other  aspects  such  as  the 
ambient  temperature,  the  psychology  of  the  individual,  etc.  are  not  in- 
cluded in  our  criteria. 


Nevertheless,  the  comfort  criterion  will  be  associated  with  the  local 
climate  in  the  form  of  a  discomfort  frequency  (number  of  times  the  discomfort 
threshold  is  exceeded  in  relation  to  the  season,  the  wind  direction,  etc.)  at 
each  point  on  the  overall  plan. 

4.2  Descriptive  Parameter  for  the  Discomfort  due  to  Wind  [7-13] 

Available  quantitative  data  on  comfort  are  definitely  not  sufficient  and 
additional  studies  are  needed.   However,  considering  the  importance  (see 
section  above)  of  the  average  speed  (U)  and  turbulence  (standard  deviation 
O  =  >/u%  2) ,   we  suggest  characterizing  the  speed  field  locally  by  the 
simplest  possible  grouping,  U  +  a. 

It  should  be  mentioned  that  recent  work  done  by  J.  C.  Hunt  [11]  indicates 
the  preponderant  role  of  turbulence  as  compared  to  average  speed  in  the  effect 
on  human  comfort.   J.  C.  Hunt  [10]  proposes  the  grouping  U  +  3cr.   Recently, 
A.  G.  Davenport  [12]  suggested  U  +  1.5a 

For  the  present  we  are  using  the  simple  grouping  U  +  a,  but  it  should  be 
noted  that  our  results  will  be  easily  transposable  if  in  the  future  it  seems 
that  a  more  "refined"  combination  should  be  adopted  between  the  average 
rate  and  the  deviation. 

In  wind  tunnels  the  grouping  U  +  O    (which  corresponds  to  a  flow  at 
ground  level  or  on  a  balcony)  can  be  expressed  adimensionally  in  the  form 
of  the  comfort  parameter,  ty   (at  height  z  ), 


4,  = 


u  +  a 
r  r 


where  U  and  O     are  the  average  speed  and  standard  deviation  at  the 
reference  point,  defined  at  the  same  height  as  that  of  the  measurements  U 
and  a  but  without  the  structures  (Fig.  7). 


Reference  U 


Fig,  7 


NOTE:   The  direction  of  the  flow  relative  to  pedestrians  has  an  especially 
critical  effect  when  the  flow  is  ascending  (with  transport  of  aerosols). 

Strong  horizontal  speed  gradients  have  a  showy  effect  on  pedestrian 
discomfort,  essentially  if  the  pedestrian  is  moving. 

These  particular  phenomena  are  not  included  directly  in  our  comfort 
parameter  but  are  specified  in  the  study  of  "aerodynamic  anomalies" 
(Sect.  7). 

4. 3   Comfort  Threshold  -  Discomfort  Frequency 

4.31  Comfort  Threshold 

When  the  discomfort  threshold  is  introduced,  the  values  commonly 
assumed  are  the  following: 

U  ,<  5  m/sec  -  start  of  unpleasant  manifestations  such  as  raising  of 
dust,  irritation  of  the  eyes,  disarray  of  hair,  etc.  and  with  a  standard 
deviation  of  a  =  -/U'2,  corresponding  to  that  at  ground  level  in  open 
country  and  which  is  related  to  the  average  local  speed  by 

a  -  0.2  U 
The  comfort  condition  to  be  observed  is  then  written 

U  +  a  >^  6  m/sec 

4.32  Concept  of  Discomfort  Frequency 

A  discomfort  threshold  by  itself  has  no  meaning  if  we  do  not  relate  it 
to  the  frequency  of  discomfort,  that  is,  the  percentage  of  the  time  that 
the  threshold  is  reached  or  surpassed.   Depending  on  the  different  activity 
zones  in  an  overall  plan,  the  acceptability  or  nonacceptability  of  a  given 
frequency  differs.   One  can  readily  tolerate  locally  a  surpassing  of  the 
threshold  for  50%  of  the  time,  e.g.,  if  the  zone  in  question  is  not 
accessible  to  pedestrians  (automobile  access  corridor,  etc.),  while  on  the 
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other  hand  we  would  want  a  discomfort  frequency  of  no  more  than  a  few  percent 
on  a  restaurant  terrace.   The  designer  thus  plays  the  most  important  part  in 
this  choice. 

4.33   Calculation  of  the  Discomfort  Frequency 
We  mentioned  above  that  the  local  discomfort  in  a  building  grouping  is 
expressed  as  the  frequency  with  which  the  discomfort  threshold  is  exceeded. 
This  necessitates  a  series  of  measurements  on  site,  which  consists  in  "cali- 
brating" the  site  with  respect  to  the  meteorology  station  and  a  study  in  a 
wind  tunnel,  for  example,  in  order  to  obtain  locally  the  parameters  of  comfort 
(ijj  or  a  similar  form)  which  allows  finding  the  discomfort  frequencies. 

First  Phase.   Comparison  of  the  site  with  the  nearby  meteorology 
station,  which  is  assumed  to  be  representative  (Fig.  8) 

^"^l*.  0,14  (met.  sta.) 


U10  met.  sta. 


site 


Fig.  8 

The  simultaneous  measurement  of  the  wind  at  the  site  and  the  station  at  z 

o 

and  at  10  m  allows  determining  experimentally  the  coefficient  of  correlation,  k. 
This  can  be  estimated  theoretically  (see  Appendix  1) ,  but  it  is  much  preferable 
to  measure  it.  _ 

UZo  site  -  kU^  met.  eta. 

The  height  z  is  any  relative  height  and  is  adapted  as  well  as  possible 
to  the  nearby  environment  so  that  the  measurements  made  are  meaningful. 

Maintaining  the  reference  speed  U  defined  above,  we  obtain 

\]r  =   k(zr/z0)Uio       .„ 
r      l      u     met.  sta. 

where  a  [see  Fig.  8]  is  the  exponent  of  the  vertical  gradient  at  the  site. 
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The  parameter  of  comfort,  ip,  takes  the  form 

U  +  a 


+  = 


k  \  7  I  U10  m<H&>  (1  +  'r) 
V-ol  v.X. 


** 


where  1  =  a  /U  ,  the  intensity  of  the  turbulence  at  the  reference  point 
measured  experimentally  (on  the  ground  or  in  a  wind  tunnel,  for  example). 

Second  Phase.   Laboratory  Study 

We  have  seen  that  the  dimensionless  ^  values  can  be  obtained  in  the 
laboratory  provided  that  the  simulated  wind  has,  at  the  scale  of  the  model 
and  depending  on  the  wind  direction,  the  static  and  dynamic  properties  that 
prevail  at  the  site,  and  provided  that  the  nearby  environment  is  taken  into 
account. 

Third  Phase.   Presentation  of  Results  of  Discomfort  Frequency 

The  statistical  data  from  the  nearby  meteorology  station  are  expressed 

in  terms  of  speeds  Uio       with  annual  frequencies  below  the  threshold. 

meteo  ^ 

(The  below-threshold  frequencies  may  be  broken  down  according  to  the 
season,  the  hour,  the  day,  the  wind  direction,  etc.) 
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Fig.  9.   Example  of  statistical  data  for  three  meteorological  stations,  all 
wind  directions  together 

**Note:  meteo  ref.  meteorological  station  (also  met.  sta.) 
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Example: 

The  Uio       =10  ra/sec  speed  at  the  meteorology  station  of: 
meteo  bJ 

— Strasbourg  will  not  be  exceeded  99%  of  the  time,  and  will  thus  equal 

this  or  more  1%  of  the  time; 

— Lille  will  be  exceeded  4%  of  the  time; 

— Marignane  will  be  exceeded  13%  of  the  time. 

The  discomfort  threshold  is  such  that  U  +  O   =  6  m/sec,  and  therefore  such  that 

TT         =        6 
ulo  meteo y  — 


k(zr/z0)a  (1+V^j 


If  locally,  at  point  j  on  a  general  plan  the  comfort  parameter  is  iJj  . ,  the 
local  frequency  for  exceeding  the  discomfort  threshold  (1  -  F.)  will  be 
obtained  graphically  from  the  statistical  data  for 


U, 


i°  meteo 


k(zr/z0)a  (1+Ar)^ 

Thus,  this  procedure  permits  relating  the  adimensional  comfort  parameter  at 
each  site  to  the  point  considered.   This  frequency  can  also  be  weighted  as  a 
function  of  weather  (season,  etc.),  the  predominant  wind  directions,  and  the 
roughness  around  the  site. 

5.   Overview  of  the  Studies 

5.1  Progress  of  the  Study  Made  at  CSTB 

The  wind-tunnel  studies  simulating  the  natural  wind  of  the  velocity  field 

in  a  particular  spatial  plan  allow  its  optimization,  taking  into  account 
knowledge  of  the  neighboring  environment,  prevailing  winds,  etc.  but  the 
solutions  proposed  are  not  generalizable  to  other  cases,  being  too  specific 
and  too  detailed.   However,  all  progress  in  studying  the  "school  case," 
where  the  anomaly  is  simplified,  isolated,  and  extracted  from  its  prac- 
tical context,  does  indeed  make  it  possible  to  discover  the  parameters 
which  can  enter  into  the  quantification  of  the  anomaly,  but  it  represents 
an  approach  that  is  much  too  theoretical  to  be  generalizable. 

The  study  made  at  the  CSTB  Nantes  Facility  is  viewed  entirely  differently 

from  the  studies  mentioned  above. 

We  started  with  standardized  spatial  plans  in  sufficient  number,  repre- 
senting existing  or  proposed  structures,  and  subjected  them  to  different  wind 
directions  with  different  types  of  wind,  measuring  the  characteristics  of  the 
velocity  field.   Then  we  tried  to  explain  statistically  the  correlations 
between  the  high  or  low  values  of  \p   and  the  geometry,  the  arrangement  of  the 
buildings,  etc.  ,  and  finally  the  means  of  controlling  4). 
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It  should  be  remembered  that  the  effects  or  anomalies  presented  below 
are  not  isolated  cases  but  were  obtained  as  the  result  of  general  behavior 
patterns  seen  in  realistic  structural  environments.   It  is  evident  that  a 
study  taking  into  account  the  topography,  the  wind  force  distribution,  direc- 
tion, etc.  of  a  particular  spatial  plan  would  lead  to  a  high  level  of  informa- 
tion detail,  higher  than  that  we  gave,  since  only  the  general  flow  patterns 
are  given  here  with  the  order  of  magnitude  of  the  discomfort. 

5.2  Choice  of  Spatial  Plans 

In  order  to  be  as  realistic  as  possible,  our  study  was  made  in  collabora- 
tion with  CRMAA  architects  (CRMAA  =  Centre  de  Recherches  Methodologiques 
d' Architecture  et  d ' Amenagement) ,  especially  with  regard  to  the  choice  of 
spatial  plans,  because  of  their  being  representative  of  contemporary  and 
future  construction  methods. 

Twelve  spatial  plans  were  finally  selected,  taking  into  account  their 
aerodynamic  interest,  namely 

— The  ease  of  "reading  the  aerodynamic  phenomena," 

— The  unity  of  the  spatial  plan  over  a  sufficient  area  (300  x  500  m) , 

— The  "flattest"  topography  possible, 

• — The  average  height  of  the  tallest  structures, 

— The  maximum  density  of  the  most  typical  aerodynamic  anomalies, 

— The  least  known  aerodynamic  shapes. 

We  can  cite,  as  an  example,  the  classes  of  construction  in  "rows," 
in  "cells,"  on  "piers,"  in  pyramids  or  disconnected,  in  old  structural 
milieux,  in  groups  of  tall  buildings,  of  rounded  shape,  etc.   (see  the  cover 
photo  and  the  photos  below) . 
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Spatial  Plans 


In 
rows 


In 
units 


15 


■  *■  >-■«-/-  , wf    ,'.  W*> 

#*3W   «j  ■  4 

>#* 

'•'•<•,;  , 

I 

I 

£ 

i 

a ,  *."t-  vv 

I 

^P*;...                 '.-V  .  '^*> 

"' 

1 

^W& 

Tl 

V 

| 

'  -'    ^      -a,        /  . 

^ 

^jj 

-« 

/*. 

T 

X  • 

m 

On  piers 


Group  of 

tall 

buildings 


16 


\         '          •'      '   ''         .       -'    ' 

*%***. 

';'.•■;       'i"',, 

1- 

-'■:'/  ^Si 

: 

**^^      \ 

k 

■-■..■■'    '    . 

1 r' 

.._     .            ^J 

1 

"  V..., 

^RSfy^*  iv      1 

pi      •■C^^s 

M 

'     TrSyac-„ 

'■'  m^Sm$9 

r^iBS^^ie*1*^^''*'  -  *^Mr 

T'f** 

H^«r»««i^., 

-  ^^.Z^^imk. 

•-■  JMI|| 

*£&& 

■F^k^B 

jff'-lj 

B^'JSJSJ       *                   --SrpSftS 

ft  «\ 

■1*  'J'laH 

Pyramids 


Rounded 
shapes 


17 


Not  connected 


Old  structural 
environment 


18 


1 
2.3 

. 

$/ 

2,0. 

/ 

/ 

m 

~  1.5  - 
o 

•"1,0 

'// 

/ 

0.5. 

V   / 

/ 

0. 

Fig.  10  a 


0,5 


1,0       1,5 
«f  («•  0,16) 


2,0 


t 

-Pi-          2  - 

9- 

5     E 

o  s 

H  -S  ,. 

H-1     c  '.5, 

3 

S      C 

o   | 

. 

•>* 

*j    =>    1 

•    1  ^ 

C    -<u 

. 

o 

>^\ 

0.5  . 

•      **  ^" 

0  . 

<^—. , j 

, 

» 

0        0.5 

Fig.  10  b 


0.5 


Fig.  10  c 


1,0       1.5 
f  [««  0, 16) 


-P<< 


1.5 

2,5) 


3,5' 

3.0 

7 

2.5 
2  0 

/'        • 

. 

0 

a 

~    1.5 

<»- 

1  0. 

•            / 

/ 

0.5 
0  . 

I  / 

1 

1+ 

2.5 


Fig  10  Graphical  correlation  of  the  parameter  (J>  obtained  for  (a)  wind 
in  a  suburb  and  wind  in  open  country;  (b)  wind  in  a  suburb  and  wxth 
uniform  flow;  (c)  wind  in  the  city  and  wind  in  the  open  country. 
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6.   Experimental  Study 

6.1  Importance  of  Good  Reproduction  of  Wind  in  a  Wind  Tunnel; 
Effect  of  Gradient 

We  know  the  determining  role  of  the  average-speed  vertical  gradient 
which  fixes  the  distribution  of  pressure  around  obstacles  [4]  and  there 
establishes  the  flows.   We  also  know  the  role  of  turbulence,  which  tends 
to  reshape  the  separated  flow  by  widening  the  wake  (Fig.  1)  and  which  by  its 
level  (intensity  of  turbulence)  or  size  (scale  of  turbulence)  partly  governs 
the  development  of  turbulence  in  the  wakes. 

By  way  of  example  and  to  show  the  importance  of  good  reproduction  of  the 
wind  phenomenon,  we  subjected  the  same  spatial  plan  with  the  same  incidence 
to  four  flows — a  flow  as  uniform  as  possible,  and  three  flows  reproducing 
to  scale  the  winds  of  open  country  (a  ~  0.16),  suburbs  (a  -  0.25),  and  city  (V-0.41) 
(The  corresponding  gradients  were  measured  in  the  presence  of  the  model.) 

If  we  set  the  ratio 

r  _  0  +  a_  U  (1  +fc) 
V     Ur       Ur 

where  £  =  cr/U,  the  intensity  of  the  turbulence  (at  the  reference  level) , 
and  if  we  study  the  correlation  (for  the  same  points  on  a  spatial  plan) 
between  the  values  of  cf>  and  £  obtained  for  wind  of  the  suburban  type  and 
uniform  flow,  we  find  that  (Figs.  10  and  11)  the  values  of  (j>  are  greatly 
undervalued  in  uniform  flow  (on  an  average,  undervalued  some  100%),  and 
the  same  is  true  for  turbulence  (some  30%) .  This  latter  point  shows  the 
role  of  turbulence  upstream  on  the  properties  of  the  velocity  field. 

Further,  by  observing  the  relatively  high  dispersion  of  the  measurement 
points  (especially  H) ,  it  seems  extremely  difficult,  and  more  than  one  can 
expect,  to  draw  quantitative  conclusions  about  the  velocity  fields  in  a 
group  of  buildings  if  the  wind  tunnel  used  does  not  correctly  reproduce 
the  static  properties  (gradient)  and  the  dynamic  properties  (turbulence) 
of  natural  wind. 

Correlations  between  the  values  of  <J>  and  1   obtained  for  wind  in  open 
country  and  wind  in  a  suburb  or  city  (Fig.  10)  show  the  very  marked 
effect  of  roughness  (exponent  a)  on  the  factor  <j).   The  role  of  the 
exponent  a  relative  to  turbulence  is  less  marked  (Fig.  11),  but  the 
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Fig.  11.   Graphical  correlations  of  parameter  £  obtained  for  wind  in  the 
city,  in  the  suburbs,  and  in  open  country. 


dispersion  of  the  points  is  still  high,  which  emphasizes  the  importance  of 
upstream  turbulence  relative  to  the  velocity  field. 

The  parameter  (J),  defined  above,  is  equally  sensitive  to  a  but  less  so 
than  <f>,  taking  into  account  of  the  fact  that  the  intensity  of  the 
turbulence,  £  ,  increases  with  the  roughness. 

In  conclusion,  it  appears  essential  to  reproduce  in  the  wind  tunnel 
as  closely  as  possible  the  natural  wind  at  the  scale  of  the  models.   There- 
fore  the  standard  aerodynamic  wind  tunnels  (regular,  uniform  flow)  cannot 
properly  be  used  except  for  essentially  qualitative  purposes.   It  should  be 
noted  that  if  we  want  to  use  the  results  obtained  in  a  wind  tunnel  in  an 
actual  case  and  use  them  very  correctly,  the  "particular"  properties  of  the 
wind  corresponding  to  the  site  studied  must  be  reproduced  exactly. 

IMPORTANT  NOTE:   The  overall  plan  studied  shows  the  average  heights  of 
buildings  between  15  and  35  meters  high.   If  we  assume  that  around  a 
height  of  40  meters  we  eliminate  some  of  the  roughness  effect,  we  can  find 

the  parameter 

U(l  +  I) 

<f>   =  = 

Ui»o  site 

where  the  velocity  u\o  is  the  average  velocity  obtained  at  a  height  of  40  m 
above  the  site. 
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We  find  that  for  an  average  of  the  measurement  points,  the  parameter  $.avg. 
is  practically  the  same  for  our  different  types  of  flow: 

4>*avg  =   <f>        (Z   /40)a 
*  avg .    r 

As  a  result  the  same  average  wind  at  40  m  from  the  ground  produces,  on  an 
average  (but  on  an  average  only)  the  same  discomfort. 

It  is  evident  that  confirmation  of  this  tendency  will  be  needed  for  other 
spatial  plans. 

This  note  allows  us,  however,  to  consider  (Appendix  2)  a  weighting  of  the 
ty   values  (measurements  with  a  gradient  of  a  =  0.16)  as  a  function  of  the 
upstream  roughness. 

6. 2  Test  Conditions  and  Technology  of  Measurements 
6.21  Wind  Tunnel 

The  wind  tunnel  of  the  Nantes  CSTB  Facility  (photo  below)  allows  correct 
simulation  of  the  static  and  dynamic  properties  corresponding  to  the  three 
wind  types  with  neutral  stability  in  the  scale  range  of  1/75  to  1/400  [1,  2,  14]. 
For  this  simulation  we  use  several  arrangements,  together  or  not:   turbulence 
generator  and  secondary  blower  located  at  the  tunnel  entrance,  tunnel  floor 
roughness,  and  random  pulsing  of  the  average  flow.   The  purpose  is  to  control 
with  the  arrangements  both  the  vertical  distributions  of  the  turbulence  scale 
and  its  intensity,  and  the  vertical  gradient  of  the  average  speed. 
NOTE:   In  our  measurements  of  the  velocity  field  we  used  models  whose  scale 
could  vary  from  1/400  to  1/200  (and  therefore  the  corresponding  wind  scale). 
As  a  result,  Z  varied  from  one  test  to  the  next  but  always  corresponded  to 
a  true  height  of  2  to  3  m  relative  to  the  pedestrian  level. 


Wind  tunnel  at 
CSTB,  Nantes 
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6.22  Choice  of  Incident  Winds 

We  saw  above  how  important  it  is  to  have  good  reproduction  of  the  wind 
properties.   Therefore  it  was  necessary  to  test  the  spatial  plans  for  wind 
in  open  country  and  in  a  suburb.   Because  of  the  length  of  the  tests,  we 
had  to  limit  them  to  wind  of  the  open-country  type,  this  being  used  because 
of  its  simplicity  relative  to  reproduction  of  the  environment  immediately 
upstream. 

For  all  the  12  spatial  plans  studied  for  different  orientations,  the 
exponent  of  the  power  law  for  the  average  speed  gradient  varied  from  0.16 
to  0.19  (wind  of  intermediate  type,  i.e.,  open  country — low  suburb). 
NOTE:   Taking  into  account  the  note  appended  to  the  preceding  section,  we 
consider  in  Appendix  2  an  approximate  correction  which  allows  gross  appli- 
cation for  suburb  winds  of  the  values  of  the  velocity  field  obtained  for 
"open  country"  wind. 

6.23  Technology  of  Measurements 

For  each  spatial  plan  studied,  subjected  to  several  wind  orientations 
(open  country — low  suburb  type)  we  made  the  flows  at  ground  level  visible 
by  a  coating  method  (kaolin  suspended  in  alcohol,  cover  photo).   Then, 
taking  into  account  the  qualitative  information  thus  obtained,  we  located 
as  judiciously  as  possible  the  anemometer  probes,  imposing  a  coordinate 
grid  on  the  spatial  plan  in  order  to  obtain  the  local  quantitative  proper- 
ties at  all  points. 

The  quantitative  measurements  were  made  chiefly  with  a  hot-wire 
anemometer  so  that  with  a  very  turbulent  flow  this  technology  somewhat 
overvalues  the  turbulence  intensity.   The  vertical  hot  wire  does  not 
"see"  the  vertical  components  of  speed  when  they  exist.   (Near  the  ground 
we  could  confirm  that  the  flow  is  strongly  bi-dimensional  and  that  there- 
fore the  hot-wire  measurements  are  significant.)   Hence,  in  the  study  of 
some  aerodynamic  effects  we  used  a  chronophotographic 
quantitative  visualization  method  [15]. 

NOTE:   The  model,  by  its  presence  in  the  experimental  tunnel,  forms  an 
obstacle  and  modifies  the  flow  even  before  it  is  reached  ("climbing" 
of  the  perturbations  in  subsonic  flow) .   Therefore  the  properties  of  the 
flow  depend  on  the  immediate  environment,  upstream,  lateral,  or  even 
downstream.   With  regard  to  the  zone  of  influence  of  the  immediate 
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environment  on  the  point  considered,  a  faithful  reproduction  of  the  spatial 
plan  is  not  necessary.   This  can  be  replaced  by  a  collection  of  irregular 
heights  of  appropriate  sizes,  distributed  in  random  fashion,  and  giving 
"totally,"  in  association  with  the  simulation  techniques  discussed  above, 
the  properties  of  natural  wind.   Therefore  we  have  not  included  in  our 
discussions  the  measurements  made  at  the  points  where,  locally,  the  imme- 
diate environment  is  not  correctly  reproduced  along  a  sufficient  radius 
(4  to  5  times  the  average  local  heights).   This  is  the  case,  for  example, 
of  points  located  at  the  periphery  of  the  overall  plan  (too  close  to  the 
wall  of  the  tunnel) . 

7.   Presentation  of  Results  Obtained  in  the  Wind  Tunnel 

In  the  study  of  different  parts  of  spatial  plans  we  were  able  to  identify 
several  aerodynamic  effects  which  can,  in  their  structural  context,  cause 
zones  of  discomfort  or  comfort  relative  to  the  wind  phenomenon. 

We  recall  that  quantification  of  the  different  effects  by  the  values 
of  the  parameter  ty   correspond  to  an  average  behavior  of  the  aerodynamic 
phenomena  for  a  wind  of  the  open-country  type  and  in  the  absence  of 
topography. 


Row  Effect 

We  define  as  a  "row"  a  parallelepiped  construction  of  rather  small 
thickness  (10  m) ,  of  a  homogeneous  height  not  exceeding  30  m  (10  stories) , 
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Break  in 
a  row 


and  a  minimum  length  of  8  times  the  height. 

In  general,  the  immediate  environ- 
ment plays  a  critical  role  only  if  its 
height  is  less  than  that  of  the  row  or 
the  immediate  environment  is  not  itself 
a  parallel  row  (only  the  first  row 
toward  the  wind  then  acts  as  a  row) . 

For  an  incidence  6  =  45°  considered 
critical  relative  to  the  wind,  and  if 
the  row  height  is  around  15  to  25  m, 
most  of  the  wind  will  "step  over"  the 
row  and  spiral  behind  the  building,  creating  a  central  zone  of  high  speed 
where  the  comfort  parameter,  ^»  reaches  1.4.   A  way  to  reduce  and  even  to 
suppress  the  effect  of  the  row  is  to  arrange  the  rows  orthogonally  with  one 
or  several  built-in  irregularities. 

When  there  are  openings  in  the  rows,  in  orthogonal  angular  relation  to 
the  wind,  the  comfort  parameter,  \\),   may  there  reach  the  value  1.3  when  the 
width  of  the  opening  is  critical,  i.e.  it  is  between  1  and  2  times  the 
height  of  the  row. 


Venturi  Effect 

The  Venturi  effect  is  a  collector  or  funnel  phenomenon  created  by  two 
structures  that  are  not  joined.   The  axes  of  the  two  make  a  right  or  acute 
angle.   The  critical  zone  for  comfort  is  at  the  neck  or  narrowing  of  the 
Venturi . 
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Aerodynamic  nozzle 


For  a  Venturi  to  function,  its  minimum 
height  must  be  greater  than  15  m  (h  >  5 
stories) .   The  sum  of  the  arm  lengths  must 
be  at  least  100  m,  and  the  upstream  and 
downstream  portions  of  the  latter  must  be 
"free"  of  all  construction  over  an  area 
of  the  same  order  of  magnitude  as  that 
occupied  by  the  collector. 
When  the  Venturi  orifice  width  is  2  to  3  times  the  average  height 
(critical  width),  the  maximum  flow  clears  the  opening  and,  for  structures 
25  to  30  m  high,  the  parameter  ij;  reaches  1.3  and  1.6  for  buildings  some 
50  m  high. 

Curved  shapes  in  a  Venturi  configuration  increase  the  phenomenon  by 
their  profiling,  and  if  the  collector  is  prolonged  by  a  diverging  element, 
we  have  essentially  an  aerodynamic  nozzle.   In  the  latter  case,  for  building 
heights  of  50  m  or  so,  the  comfort  parameter,  ip,  is  2. 


Joining  of  Different  Pressure  Zones 

Wind  develops  an  overpressure  on  the  upstream  side  of  an  obstacle  and 
a  low-pressure  zone  behind  it.   For  buildings  arranged  orthogonally  to  the 
wind  and  located  in  fives,  the  different-pressure  air  masses  connect  trans- 
versally  and,  further,  flows  appear  (in  the  direction  of  decreasing 
pressure).   This  anomaly  is  especially  important  when  there  is  a  joining 
corridor  or  a  well  defined  canalization. 
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For  the  phenomenon  to  be  clearly  present,  only  connections  such  as 
stepped  arrangements  in  the  direction  of  the  wind  which  aire  the  same  as 
the  average  height  of  the  structure  (parallelepipeds)  are  critical. 

This  effect,  the  level  of  which  is  related  directly  to  the  height  of 
the  structures,  takes  on  importance  because  it  is  developed  over  a  large 
area  (close  to  the  transverse  dimensions  of  the  groups  of  structures) . 

For  buildings  with  an  average  height  of  15  m  (5  stories) ,  ij;..may  reach 
1.2,  and  for  higher  structures  (10  to  11  floors)  the  comfort  parameter  is 
between  1.3  and  1.6.  "     - 

In  the  particular  case  of  tall  towers  (30  stories) ,  in  fives  and  for 
small  displacements  (0.25  times  the  thickness  of  the  tower),  iJj  values  of 
about  1.8  have  been  obtained. 

Structures  with  continually  variable  height,  increasing  or  decreasing, 
lead  to  formation  in  the  back  of  low-pressure  "trenches"  which  are  deeper, 
the  higher  the  corresponding  "rise."  Therefore  a  flow  toward  the  lowest 
pressure  zone  is  established. 
Effect  of  Cells 

A  cell  is  a  juxtaposition  of  buildings  of  any  relative  heights  which 
form  an  opening  or  a  "pocket"  (the  number  of  sides  is  not  limited)  and 
where  the  opening (s)  of  the  cell  do  not  exceed  25%  of  the  cell  perimeter. 

A  cell  with  these  dimensions  (relative  to  those  of  the  wind)  will 
be  totally  skipped  or  will  be  penetrated  by  the  wind  (the  wind  "falls"  into 
the  cell) .   Therefore  our  quantitative  approach  to  the  effect  of  a  cell 
involves  the  area  of  the  cell,  S,  and  its  average  height,  h   (m  =  moyen  = 

average)  as  an  adimensional  parameter  S/h  2.   Comfort  inside  cells  has 

m 

been  taken  into  account  ("blowpipe"  phenomenon  therefore  eliminated) . 

The  protective  effect  of  cells  is  felt  for  heights,  such  as 

15  m  <  h  <  25  m,  whatever  the  direction  of  the  wind  relative  to  the 
m 

opening,  so  that  S/h  2  <;  io.   The  comfort  parameter,  ^,  is  thus  between 
0.4  and  0.8. 

When  h  is  greater  than  30  m,  the  position  of  the  opening  relative 
to  the  wind  is  important: 

— "Closed"  cell  (opening  is  below  the  wind),  such  that  S/h  l  <   30, 
where  the  average  comfort  parameter  is  0.5  or  less. 
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Configurations  approximating  cells 
have  a  protective  effect. 


— Open  cell  (opening  is  toward  the  wind 
or  at  an  angle  of  45°),  such  that 
S/hm2  <  20,  where  the  comfort  para- 
meter is  between  0.7  and  1.1  (total 
movement  of  air  at  an  angle  of  45°). 
If  the  opening  is  parallel  to  the 
wind,  the  parameter  ip  is  1  or  less 


Generally,  in  a  constructed  environment  any  more  or  less  well  defined 
cell  (if  its  height  is  such  that  h  >  4  stories)  involves  an  increase  in 
comfort  (sheltered  zone)  to  the  extent  that  this  cell,  even  if  coarse,  has 
transverse  dimensions  of  50  to  60  m. 
Effect  of  Slots  under  a  Building 

This  anomaly  concerns  strictly  "slots"  at  the  base  of  a  building  which 
connect  the  windward  face  with  its  overpressure  to  the  lee  face  where  the 
pressure  is  lower.   Practically  speaking  we  are  concerned  here  with 
passages  under  buildings  or  with  buildings  on  supports. 

Slots  under  buildings  are  more  directional  relative  to  the  wind  axis 
(critical  angle:  slot  axis  parallel  to  the  wind)  than  full  "pier  walls" 
(matching  the  width  of  the  building),  which  act  as  "guides." 
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The  higher  the  building,  the  greater  the  discomfort  level  due  to  the 
effect  of  the  lower  pressure  on  the  lee  side.   As  long  as  the  height  is  no 
greater  than  5  stories,  the  phenomenon  hardly  occurs.   However,  for  7 
stories  the  comfort  parameter  is  1.2  and  reaches  1.5  for  heights  of  50  m 
or  so  (16  stories)  regardless  of  the  building  length.   The  discomfort 
zone  is  not  limited  to  the  passages  themselves  but  continues  downstream 
for  a  distance  comparable  to  the  size  of  the  orifice  (the  air  is  released 
in  the  form  of  a  localized  jet). 


Dif- 
fuse 


entry 


Localized 
exit  (jet) 


Guide  wall 


Effect  of  Corners 


Here  again  the  cause  lies  in  the  fact  that  zones  of  higher  pressure  on 
the  windward  face  and  lower  pressure  on  the  sides  join  at  the  corners  of 
buildings. 

The  field  affected  is  relatively  local  and  exists  between  the  side  of 
the  building  or  tower  (where  pressure  is  low)  and  a  maximum  space  equal  to 
the  width  (or  thickness)  of  these  structures. 

For  parallelepiped  structures  around  15  m  high  (5  stories)  the  comfort 
parameter  is  1.2  and  for  heights  greater  than  35  m  this  level  is  exceeded 
without  going  higher  than  1.5.   In  the  case  of  a  compact  group  of  structures, 
the  screening  relative  to  the  dimensions  of  the  wind  is  greater,  and  the 
discomfort  level  is  generally  higher  than  in  the  preceding  case. 

A  way  of  decreasing  the  corner  effect  is  to  extend  the  buildings  by 
adjacent  structures  of  decreasing  height  (up  to  1  storv^ 
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Raised  horizontal 
gradient 


and  thus  to  permit  the  wind  to  clear  the  "corner"  largely  at  some  distance 
above  the  surface. 

In  the  case  of  a  tower  between  35  and  45  m  high,  the  parameter  \\) 
stops  at  1.4,  but  for  very  high  towers  (100  m  average),  4>   reaches  2.2. 
In  this  case  there  is  a  critical  spacing  of  some  2  times  the  transverse 
dimension  of  the  towers,  for  which  the  discomfort  level  (average  about  2) 
is  extended  over  the  whole  space  between  the  two  towers.   While  for 
spacings  higher  or  lower  than  the  critical  the  discomfort  level  decreases, 
the  very  tall  groups  are  especially  subject  to  discomfort  and  require 
particular  attention  by  designers. 

NOTE:   This  effect  develops  from  very  high  horizontal  velocity  gradients. 
Wake  Effect 

The  wake  of  an  object  is  created  by  fluid  circulation  behind  the 
object  between  the  separation  lines  from  the  edges. 

Discomfort  in  the  wake  results  not  only  from  excessive  speeds  where 
zones  of  different  pressure  join  but  also  from  a  strong  turbulence  effect 
caused  by  eddy  circulation  that  is  more  or  less  stable  and  persists 
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for  a  long  time  in  the  lee  of  the  object.   It  is  quite  evident  that  the  manner 
in  which  a  wake  can  "spread  out"  is  a  direct  function  of  the  immediate 
environment  upstream  and  downstream) . 

By  definition  the  wake  effect  includes  the  corner  effect  which  causes 
the  highest  discomfort  levels  in  wakes. 

Speaking  generally,  the  comfort  parameter  in  the  structural  environment 

varies  in  wakes  between  the  following  values: 

— For  tall  buildings,  1.4  to  2.2,  depending  on  the  height  (16  to  30 

stories),  without  going  below  unity  in  the  affected  zone,  and  laterally 
of  the  same  order  as  the  thickness  of  the  building,  downstream  for  a 
distance  approximately  equal  to  the  height. 

— For  parallelepiped  buildings  of  16  stories,  from  1.6  to  0.5  if  the 
overall  dimensions  of  the  object  are  sufficient  (3  times  the  height). 
The  affected  zone  is  laterally  of  the  order  of  twice  the  thickness 
of  the  building  and  downstream  from  1  to  2  times  the  height. 
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Channeling  Effect 

A  structural  group  forming  a  corridor  or  channel  open  to  the  sky  is 
not  a  cause  of  discomfort  per  se  but,  when  associated  with  an  anomaly, 
may  transmit  it  for  its  whole  length.   The  corridor  phenomenon  functions 
much  better  when  it  is  well  defined  (not  very  porous,  etc.)  and  is 
relatively  narrow  (less  than  3  times  the  average  height  of  the  buildings 
that  form  it).   We  can  decrease  this  effect  by  introducing  deflectors  or 
changes  in  direction. 


Pyramid  Effect 

This  method  of  construction,  by  its  rather  aerodynamic  geometry,  does 
not  offer  massive  resistance  to  the  wind  and,  because  of  its  surface 
roughness  (stepped  effect  of  stories  and  balconies),  appears  to  dissipate 
maximum  wind  energy  in  all  directions. 

At  the  ground,  the  average  comfort  level  is  around  0.6  (with  a  large 
turbulence  component)  in  a  spatial  plan  of  this  type. 

The  critical  zones  are  at  the  "composite  windward  corners"  of  the 
pyramidal  structures,  and  for  13  stories  the  parameter  \\)  reaches  1.6. 
On  balconies  toward  the  wind,  near  the  crests  and  starting  at  the  ninth 
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story  ip   can  go  beyond  unity  and  reach  1.6  for  a  17-story  structure.   However, 
it  may  be  noted  that  for  80%  of  the  balconies  the  comfort  parameter  is 
around  0.5. 

It  is  quite  evident  that  if  attention  is  given  to  the  two  types  of 
exposed  zones  mentioned  above,  with  even  a  little  care  this  method  of 
construction  is  especially  to  be  recommended. 


Wise  Effect 

A.  F.  E.  Wise  was  the  first  to  describe  this  effect  [13].   For  structures 
higher  than  5  stories  the  incidence  gradient  causes  a  distribution  of  over- 
pressures that  differ  with  height  on  the  windward  face.   At  the  base  of  the 
building  a  turbulent  zone  forms  where  \\)   can  reach  1.5  for  a  building  some 
60  m  high,  and  even  1.8  if  upstream  (with  incidence  at  right  angles)  a  low 
structure  (e.g.  5  stories)  is  located  at  a  distance  approximately  equal  to 
the  height  of  the  low  structure.   The  arrangement  of  the  two  buildings  is 
thus  said  to  be  "critical." 

NOTE:   This  zone  of  turbulence  is  particularly  troublesome  where  the  local 
direction  of  flow  can  be  vertical. 
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Chronophotographic  visualization  of  Wise  effect 
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Figure  12 
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Fig.  12.   Comparison  of  values  obtained 
in  wind  tunnel  and  on  the  ground . 


8 .   True  Magnitude  Study 

The  "old  construction" 
sample,  taking  into  account  its 
installation  (Nantes)  and  the 
truth  of  the  model,  allowed  us 
to  compare  the  results  obtained 
in  the  wind  tunnel  with  measure- 
ments on  the  ground  and  thus  to 
confirm  the  quality  of  our  test 
averages  (Fig.  12). 

On  the  ground ,  for  a  given 
wind  direction  (measured  at  the 
CSTB  station  at  Nantes) ,  the 
average  speed  (for  10  min)  and 
the  turbulence  intensity  were 


recorded  simultaneously  on  a  7-meter  pylon  at  a  remote  site  (reference  loca- 
tion) and  2  meters  above  the  ground  using  a  portable  tripod  (some  10  points) . 

The  anemometers  being  very  sensitive  (frequency  response  close  to  1  Hz) , 
we  could  correctly  measure  the  turbulence  intensity  and  calculate  the 
parameter  ty   locally. 

Comparison  of  the  results  with  those  obtained  in  a  wind  tunnel  is  con- 
sidered excellent.   We  only  regret  that  the  number  of  points  for  comparison 
was  too  limited.   (To  compensate  for  this  lack,  a  broader  study  is  underway.) 

9.   Conclusion 

This  work  allowed  defining  and  quantifying  in  their  structural  context 
the  different  "aerodynamic  accidents"  that  may  cause  discomfort  to  pedestrians 
due  to  effects  of  wind  and  thus  how  to  prevent  them  in  some  cases, 

It  is  quite  evident  that  our  quantification  can  be  applied  strictly 
only  to  an  open-country  wind.   However,  an  approximate  correction  that  takes 
the  irregularities  of  the  terrain  into  account  is  indicated. 

Further,  the  comfort  criterion  adopted  can  be  confirmed  in  the  future; 
it  is  sufficient  to  adjust  the  values  on  the  basis  of  the  new  criterion. 
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This  type  of  study  indicates  some  arrangements  favorable  to  comfort  or 
to  decreasing  the  manifestations  of  the  wind. 

Finally,  it  was  possible  for  us  to  translate  this  work  into  simple 
rules  or  practical  suggestions  for  the  use  of  city  planners  and 
designers  [3]. 

The  CSTB  is  now  studying  aerodynamic  shapes,  artificial  and  botanical 
wind  screens,  and  also  deflection  arrangements  at  the  scale  of  the  building. 
These  new  studies  will  make  it  possible  to  provide  architects  with  "after- 
the-fact"  or  "remedial"  measures  and  will  finish  off  the  work  which  we  have 
just  described. 
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Appendix  1.   Theoretical  Expression  of  Conversion  Coefficient 
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Appendix  2.   Weighting  of  Quantitative  Results  as  a  Function  of 
Geographical  Site  and  Irregularity 

We  explained  in  Sect.  4.33  the  correspondence  between  the  comfort 
parameter  \\)   and  the  local  frequency  of  exceeding  the  discomfort  thresh- 
hold.   This  correspondence  assumes  knowledge  of  the  specific  statis- 
tical meteorological  data  of  each  site.   Therefore  it  is  essential  for 
the  designer  to  use  the  climatic  data  of  the  place  if  he  wants  to  asso- 
ciate the  \p   values  for  his  site  correctly  with  the  frequencies  of 
corresponding  discomfort. 

At  the  same  time,  if  an  aerodynamic  anomaly  of  the  parameter  \p 
obtained  for  a  wind  of  the  country  type  is  located  in  a  suburb  or  a  city 
( aerodynamically  thus  subjected  to  a  wind  of  the  suburb  or  city  type) 
the  discomfort  level  and  thus  the  associated  discomfort  frequency  will 
not  be  the  same. 

We  suggest  below  a  method  of  weighting  the  value  of  the  parameter 
ty    (obtained  strictly  for  a  wind  of  a  =  0.16)  according  to  the  nature 
of  the  irregularity  met  by  the  wind. 

From  the  results  obtained  on  a  spatial  plan  (see  note  on  p.  21) 
subjected  to  three  types  of  wind,  we  found  that  (on  the  collection 
of  points  measured  in  the  spatial  plan)  the  parameter 

U  (1  +1) 

U  40  site 

had  the  same  average. 

In  attempting  a  better  knowledge  of  the  effect  of  the  irregularities 
upstream,  it  seemed  reasonable  to  use  the  \\)   values  that  were  found  by 
measurement  and  the  gradient  a  =  0.16  to  calculate  the  frequency  of 
the  discomfort  for  other  gradients,  assuming  the  parameter  (j)^  to  be 
constant  for  any  value  of  a. 

In  our  calculations  we  adopted  the  following  thicknesses  of  the 
limited  bed  for  the  different  a  values: 


a 

ZG 

meter 

0.14 

270 

0.16 

280 

0.25 

330 

0.36 

400 
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For  example,  with  Z   =  2  m  and  a  =  0.16,  we  have 


_  17    \0.16   _  _ 

Ur  ■=  Iff]       U,„  ■0.72U„JM 

\IU/  .He  0.10 


where  Ui  qm  is  the  average  speed  measured  at  the  meteorological  station 
(a  =  0.14). 

Assuming   in  first  approximation  that  the  standard  deviation  is 
independent  of  the  irregularity  and  the  height,  we  can  write 


(I 


i 


U 


I. 


r   r  -  U10M  10M 


with 


10M 


-  0.18 


Therefore 


JJ  (1  +1)  _U  (1J-I) 

*   Ur  (1  +  U)         0.9  U10m 

or     U  (1  +l)  =  0.9U10M  + 


The  parameter  (J)  can  be  expressed 

U  (1  +  I) 


0.9  TT^-   + 


U10site  U  40  site 

The   relation  between  cj).    and  ij>  for  a  =  0.16  will  be 

cj>A  =  0.78  \\> 

Assuming  that  cj).  does  not  depend  on  a,  the  discomfort  will  start  when 

U(l  +  £)  =  6  m/sec 


or 


_     _6_ 
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The  ratio 


U4 


is  determined  as  a  function  of  the  irregularity  (roughness)  and  we  have 
the  following  conditions  for  the  start  of  discomfort: 


_  6.31 
a  =0,14  rase  campagne    U10m  —  — ;j7~ 

6.62 


a  =  0,16    campagne 

basse  banlieue 


a  =  0.25     banlieue 
k  =  0,36    centre  ville 


UlOM  ty 
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UlOM  _         ty 

11 
UlOM-      ^ 


[open    country] 
[country,    low  suburb] 

[suburb] 
[center   of   city] 
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Thus,  regardless  of  the  region,  the  same  discomfort  frequency  is  reached  in 
open  country  with  0.954,  in  suburbs  with  1.254,  and  in  the  city  center  with  1.74 
with  the  "4"  values  given  in  the  preceding  paragraph  (where  the  wind  in  the  coun- 
try is  a  -  0.16) . 

Further,  if  a  quantified  anomaly  for  a  country  wind  (a  =  0.16) 
locally  has  a  value  \p  -  1,  this  same  anomaly  in  a  suburb  will  be  only 
0.8  ty   or  in  the  city  0.6  ty.      The  values  of  \\j   are  always  those  measured 
for  wind  of  country  type  (a  -   0.16). 

Theoretically  the  above  material  assumes  a  wind  "statistically"  in 
an  established  regime,  i.e.  an  upstream  distribution  of  irregularities 
that  is  relatively  homogeneous  for  several  kilometers. 

If  now  we  consider  the  effect  of  a  change  in  irregularity  on  the 
comfort  parameter,  we  can  only  give  some  general  experimental  conclusions: 

When  a  country-type  wind  penetrates  into  a  spatial  plan,  the  zone 
of  probability  of  aerodynamic  accidents  is  a  band  of  the  order  of  200  m 
thick.   The  discomfort  levels  there  are  those  given  in  the  study  of 
the  different  anomalies  of  aerodynamic  effect. 

Beyond  this  band,  the  probability  of  accidents  is  less  and  we  can 
assume  roughly  that  events  occur  as  though  we  were  in  a  wind  of  the 
suburban  type,  or  for  a  discomfort  parameter  of  0.8  ty. 

It  should  be  mentioned,  however,  that  this  change  or  "mask  effect" 
can  be  less  for  widely  different  structures  (h  >  2h)  above  the  average  level 
(thus  maintaining  the  ty   values  without  attenuation) . 

If  open  (or  free)  spaces  with  minimum  area  of  the  order  of  400  x  400  m 
are  present,  the  wind  "falls  down"  into  such  spaces  and  the  peripheral 
buildings  are  again  exposed  to  a  200-m  band  in  the  direction  of  penetration 
of  the  wind. 

By  way  of  comment,  we  can  indicate  that  tall  groupings  consisting  half 
of  towers  do  not  ever  produce  the  least  mask  effect  (interference  among 
themselves)  . 

Old  structures,  by  their  high  density  favor  the  protection  effects 
(average  ip  -  0.6  to  0.7)  and  the  aerodynamic  accident  thresholds  that  can 
occur  are  at  the  base  of  very  high  structures  (100  m)  (installation  to  the 
rear  of  the  spatial  plan).   The  possible  discomfort  zone  caused  by  this  is 
roughly  a  circular  area  whose  radius  is  equal  to  the  height  of  the  struc- 
ture.  At  the  very  base  of  tower  structures  (h  -  100  m)  the  discomfort 
parameter  can  reach  1.6. 
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